Abstract. Osteosarcoma is the most frequent malignant bone tumor in children and adolescents. Norcantharidin (NCTD) is a purified component from blister beetles and has been identified to exert antitumor effects in a variety of cancer types. However, the antitumor effect of NCTD in osteosarcoma remains to be elucidated. In the current study, it was first demonstrated that NCTD inhibited proliferation and induced G2/M-phase arrest and cell apoptosis in human osteosarcoma cells. Furthermore, NCTD significantly decreased the phosphorylation of Akt and the mammalian target of rapamycin in human osteosarcoma cells. These results suggest that NCTD is a promising candidate for the treatment of osteosarcoma patients in the future.
Introduction
Osteosarcoma, the most common primary malignant bone tumor in children and adolescents, arises from cells of mesenchymal osteoblast origin (1, 2) . Despite considerable advances in surgery and multiagent chemotherapy, the cure rate has not significantly increased over the past 20 years (3, 4) . Therefore, the development of novel treatments and drugs for osteosarcoma treatment is urgently required.
Norcantharidin (NCTD), which is a purified component from blister beetles, is well-known for its antioxidant, anti-, is well-known for its antioxidant, antiis well-known for its antioxidant, antiits antioxidant, antiits antioxidant, antitumor and antimetastatic functions. Previous studies have reported that NCTD exhibits potential antitumor activity in a variety of cancer types, including oral cancer (5) , colorectal adenocarcinoma (6,7) and urinary bladder carcinoma (8) . However, to the best of our knowledge, the antitumor effect of NCTD in osteosarcoma and the underlying molecular mechanisms of this effect have never been investigated.
In the current study, it was demonstrated that NCTD inhibits proliferation and induces G2/M-phase arrest and cell apoptosis in human osteosarcoma cells. Furthermore, the possible mechanisms of NCTD action in Akt/mammalian target of rapamycin (mTOR) signaling pathways are discussed. Collectively, the current data suggest that NCTD may be an anticancer agent for the treatment of osteosarcoma.
Materials and methods
Cells and cell culture. The human osteosarcoma cell lines 143B and SJSA were purchased from American Type Culture Collection (Manassas, VA, USA) and cultured in high-glucose Dulbecco's modified Eagle's medium (HyClone; GE Healthcare, Logan, UT, USA) supplemented with 10% fetal bovine serum (HyClone; GE Healthcare), 100 U/ml penicillin and 100 mg/ml streptomycin (Thermo Fisher Scientific, Inc., Waltham, MA, USA) in a humidified incubator at 37˚C in 5% CO 2 .
Materials and chemicals. NCTD (Fig. 1A) Cell viability assay. Cells of the 143B and SJSA human osteosarcoma cell lines were seeded in 96-well plates (2,000 cells/well). After growing for 24 h in the incubator, the medium was aspirated, and the cells were then treated with 200 µl of complete medium containing various concentrations of NCTD (0, 10, 20, 40, 80 and 160 µM). NCTD was dissolved in DMSO, and the concentration of DMSO was kept at <0.05% in all wells. After 24/48 h of incubation, Cell Counting Kit-8 (CCK8) solution was added to each well at a final concentration of 5 mg/ml. Following incubation for an additional 4 h at 37˚C, the supernatants were removed, and 100 ml DMSO was added to each well. The absorption was measured at 550 nm by a microplate spectrophotometer. Three independent experiments were carried out in triplicate. The cell growth inhibition at each NCTD concentration was measured, and the IC 50 values were calculated using the SPSS 19.0 statistical software package (IBM Corp., Armonk, NY, USA).
Cell cycle analysis by flow cytometry. Cells of the 143B and SJSA human osteosarcoma cell lines were cultured in 6-well plates at a density of 5x10 5 /ml and treated with NCTD at the indicated concentration for 12 h. After treatment, the cells were harvested, washed three times with phosphate-buffered saline (PBS) and fixed with cold 70% ethyl alcohol at 4˚C overnight. The cells were then stained with PI/RNase staining buffer (BD Biosciences, Franklin Lakes, NJ, USA) for 15 min at room temperature and analyzed by an Accuri C6 flow cytometer (BD Biosciences). In addition, the data were analyzed using ModFit LT v3.1 software (FACSCalibur; BD Biosciences).
Morphological characteristics of apoptosis.
A Hoechst assay was performed to evaluate the morphological characteristics of apoptotic cells after NCTD treatment. In brief, 143B human osteosarcoma cells were seeded in 6-well plates at a density of 5x10 5 /ml and exposed to vehicle or NCTD at the indicated concentration for 12 h. Then, the cells were fixed with 4% paraformaldehyde for 15 min at room temperature and washed three times with PBS. Next, the cells were permeabilized with 0.1% Triton-X-100 and stained with Hoechst 33258 (Beyotime Institute of Biotechnology, Shanghai, China) for 10 min at room temperature in the dark. The cells were observed under a fluorescence microscope.
Flow cytometric analysis of apoptosis. The Annexin V-FITC/propidium iodide (PI) double staining assay (Beyotime Institute of Biotechnology) was used to detect cell apoptosis according to the manufacturer's protocol. Briefly, 143B human osteosarcoma cells were seeded in 6-well plates at a density of 5x10 5 /ml and exposed to vehicle or NCTD at the indicated concentration for 24 h. Then, the cells were harvested, washed three times with cold PBS and stained with Annexin V-FITC and PI for 15 min in the dark at room temperature. In addition, the data were analyzed using Accuri C6 software (BD Biosciences).
Western blot assay. Cells were washed three times with cold PBS solution, and protein was extracted using RIPA Lysis Buffer (Beyotime Institute of Biotechnology) containing protease and phosphatase inhibitors (Beyotime Institute of Biotechnology). After quantification with the Standard BCA Protein Assay kit (Beyotime Institute of Biotechnology), equal amounts of protein (40 µg) were boiled, electrophoretically separated on 10 or 15% polyacrylamide gels at 80-120 V and transferred onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA) at 80-120 V for 1-2 h. Then, the membranes were blocked with 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 60 min at room temperature and incubated overnight at 4˚C with 1:1,000 dilutions of the primary antibodies. After incubation, the membranes were washed three times with PBS containing 0.1% Tween-20 and then probed with an HRP-conjugated secondary antibody (1:5,000) for 1 h at room temperature. Antibody binding was visualized with enhanced chemiluminescence (ECL) using an ECL substrate (EMD Millipore).
Statistical analysis. All data analyses were performed using SPSS software (version 18.0; SPSS, Inc., Chicago, IL, USA). The data are presented as the mean ± standard deviation. The statistical differences were calculated by one-way analysis of variance with Dunnett's test or unpaired Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

NCTD inhibits cell viability in 143B and SJSA human osteosarcoma cells in a time-and dose-dependent manner.
To explore the cytotoxicity of NCTD in human osteosarcoma cells, the growth of 143B and SJSA cells treated with NCTD was assessed by CCK8 assay. The cells were treated with various concentrations of NCTD for 24 and 48 h, followed by performance of the CCK8 assay. As indicated in Fig. 1B NCTD induces cell cycle arrest in 143B and SJSA human osteosarcoma cells. To further explore the mechanism of the antiproliferative effect of NCTD in osteosarcoma cells, cell cycle distribution was analyzed by flow cytometry after NCTD treatment. As indicated in Fig. 2 , the percentage of osteosarcoma cells in G2/M phase was increased after 24 h treatment with increasing concentrations of NCTD. A corresponding decrease was noted in the percentage of cells in G 1 phase. These data indicate that NCTD induces G2/M cell cycle arrest in 143B and SJSA human osteosarcoma cells.
NCTD induces cell apoptosis in human osteosarcoma cells.
Next, NCTD-induced apoptotic cell death in osteosarcoma cells was explored. Hoechst staining was used to evaluate NCTD treatment-altered cell morphology. As indicated in Fig. 3A , cell shrinkage, nuclear fragmentation and chromatin condensation were observed after treatment with 10 µM NCTD for 24 h. To further quantify apoptosis, Annexin V-FITC/PI double staining was used. The results demonstrated that treatment with NCTD significantly increased the percentage of both early and late apoptotic cells, compared with the control (P<0.05; Fig. 3B and C). After treatment with 40 µM NCTD for 24 h, 44.6% of cells were dead (11.9% of cells were early apoptotic, 19.5% of cells were late apoptotic and 13.2% of cells were necrotic). In addition, the western blot assay indicated that NCTD notably increased the activation of cleaved PARP and cleaved caspase-3, compared with the control (Fig. 3D) . These data indicated that NCTD induced dose-dependent cell apoptosis in osteosarcoma cells. NCTD blocks the Akt/mTOR signaling pathway in human osteosarcoma cells. To further investigate the mechanisms underlying the antitumor activity of NCTD, a western blot assay was used to detect the effect of NCTD on the Akt/mTOR signaling pathway. As indicated in Fig. 4 , NCTD markedly decreased the phosphorylation of Akt and mTOR in 143B cells. Previous studies have demonstrated that the Akt/mTOR signaling pathway serves a key role in regulating cell growth and apoptosis (9) . These results demonstrated that NCTD blocks the Akt/mTOR signaling pathway, an action that may be associAkt/mTOR signaling pathway, an action that may be associing pathway, an action that may be associ-, an action that may be associan action that may be associmay be associassociated with the effect of NCTD on cell growth and apoptosis.
Discussion
Growing evidence suggests that traditional Chinese medicines contain anticancer ingredients (10, 11) . NCTD, the demethyl-. NCTD, the demethylthe demethylated form of cantharidin, has exhibited anticancer potential in multiple cancer cell types (8, 12, 13) . However, to the best of our knowledge, the ability of NCTD to suppress the growth of human osteosarcoma cells and the possible underlying mechaosteosarcoma cells and the possible underlying mechaand the possible underlying mechanisms have never been investigated. In the present study, the antitumor effects of NCTD in osteosarcoma were investigated. The results dem onstrated that NCTD could inhibit cell prolifresults dem onstrated that NCTD could inhibit cell prolifdemonstrated that NCTD could inhibit cell prolifthat NCTD could inhibit cell prolifthat NCTD could inhibit cell prolif-NCTD could inhibit cell prolifcould inhibit cell prolifinhibit cell prolifcell proliferation and induce G2/M cell cycle arrest and apoptosis, which implies that NCTD may be a novel antitumor agent for osteosarcoma treatment.
In the current study, two osteosarcoma cell lines were used to test the antiproliferative effect of NCTD. It was identified that NCTD could inhibit the growth of both osteosarcoma cell lines in a dose-and time-dependent manner. The effect of NCTD on human fibroblasts was also evaluated. Interestingly, human fibroblasts exhibited resistance to NCTD and the IC 50 value for 24 h was 58.82 µΜ (data not shown). Cell cycle imbalance is an essential mechanism involved in the proliferation of malignant tumor cells (14) (15) (16) . Certain studies have supported the hypothesis that the induction of cell cycle arrest may be an effective method for controlling tumor proliferation (17) (18) (19) . The current results demonstrated that NCTD induced G2/M cell cycle arrest in both osteosarcoma cell lines in a dose-depenosteosarcoma cell lines in a dose-depencell lines in a dose-dependent manner. Similar results have indicated that NCTD is an inhibitor of cell cycle progression in human urinary bladder carcinoma (20) and cervical carcinoma (21) . The current results indicated that NCTD could inhibit cell proliferation by inducing G2/M cell cycle arrest.
Apoptosis, a self-destructive process counteracting tumor growth, is characterized by specific morphological and molecular protein changes in dying cells, including cell membrane blebbing, nuclear condensation and apoptotic body formation (22) (23) (24) . There are two major pathways involved in the regulation of apoptosis: The mitochondria-mediated intrinsic pathway and the caspase-dependent extrinsic pathway (25) . In the caspase-dependent extrinsic pathway, caspase-3, -8 and -9 are activated, which subsequently leads to the cleavage of PARP (26) . The current results demonstrated that NCTD induced cell shrinkage, nuclear fragmentation and chromatin condensation in osteosarcoma cells. Ultimately, NCTD led to the upregulation of cleaved caspase-3 and an increase in the downstream target cleaved PARP, which suggested that the extrinsic pathway may also be involved in NCTD-induced cell apoptosis.
Previous studies have reported that the Akt/mTOR signaling pathway is involved in multiple biological behaviors of tumors, including growth, metastasis and apoptosis (27, 28) . Numerous chemotherapeutic agents inhibit tumor cell growth and induce apoptosis by impacting the Akt/mTOR signaling pathway (29) . In the current study, the phosphorylation of Akt and mTOR was observed to be inhibited in osteosarcoma cells following treatment with NCTD. Together with the aforementioned results, this observation suggested that NCTD suppresses the Akt/mTOR signaling pathway, an action that may be involved in NCTD-induced growth inhibition and cell apoptosis.
In conclusion, the current study demonstrated for the first time that NCTD could effectively inhibit cell growth and induce cell cycle arrest and apoptosis in osteosarcoma cells. The current research indicates that NCTD inhibits the Akt/mTOR signaling pathway, an action that may be associsignaling pathway, an action that may be associ-, an action that may be associan action that may be associmay be associassociated with NCTD-induced growth inhibition and cell apoptosis (Fig. 5) . These findings suggest that NCTD may be used for the treatment of patients with osteosarcoma in the future.
